The use of fiber-reinforced polymer ͑FRP͒ reinforcement is a practical alternative to conventional steel bars in concrete bridge decks, safety appurtenances, and connections thereof, as it eliminates corrosion of the steel reinforcement. Due to their tailorability and light weight, FRP materials also lend themselves to the development of prefabricated systems that improve constructability and speed of installation. These advantages have been demonstrated in the construction of an off-system bridge, where prefabricated cages of glass FRP bars were used for the open-post railings. This paper presents the results of full-scale static tests on two candidate post-deck connections to assess compliance with strength criteria at the component ͑connection͒ level, as mandated by the AASHTO Standard Specifications, which were used to design the bridge. Strength and stiffness until failure are shown to be accurately predictable. Structural adequacy was then studied at the system ͑post-and-beam͒ level by numerically modeling the nonlinear response of the railing under equivalent static transverse load, pursuant to well-established structural analysis principles of FRP RC, and consistent with the AASHTO LRFD Bridge Design Specifications. As moment redistribution cannot be accounted for in the analysis and design of indeterminate FRP RC structures, a methodology that imposes equilibrium and compatibility conditions was implemented in lieu of yield line analysis. Transverse strength and failure modes are determined and discussed on the basis of specification mandated requirements.
Introduction
The use of fiber-reinforced polymer ͑FRP͒ reinforcement ideally eliminates corrosion in concrete bridge decks, which accrues from exposure to deicing salts and harsh environments and affects a large portion of the bridge inventory worldwide. Glass-FRP ͑GFRP͒ bars are a practical alternative to steel reinforcement for nonprestressed bridge decks ͑Bradberry 2001; Nanni and Faza 2002͒ . A number of field implementations, typically as parts of research projects conducted in North America, have demonstrated the validity of the technology ͑Phelan et al. 2003; Benmokrane et al. 2004 . In addition, recent findings from tests performed on concrete cores containing portions of GFRP bars, which were removed from four bridges and a wharf that had operated from 5 to 8 years under aggressive environments, did not reveal any chemical or physical degradation upon frequent exposure to wet and dry and freezing and thawing cycles, chlorides from deicing salts or salt water, and concrete alkaline environment ͑Mufti et al.
2007͒
. The demand is strong from the construction industry and practitioners to exploit this technology by developing material and construction specifications, as well as limit-state based design specifications written in mandatory language ͑Busel et al. Degradation also affects RC railings, and in particular their connection to bridge decks, and may compromise crashworthiness. The development and validation of corrosion-free railings and connections of railing posts to FRP RC decks have been addressed in very few research efforts that followed the pioneering development of the hybrid steel-GFRP RC Ontario Bridge Barrier ͑Maheu and Bakht 2004͒. In that case, carbon FRP grids were used as flexural reinforcement in the deck and barrier wall, along with stainless steel double-headed tension bars to provide sufficient anchorage. The performance of connections between a steel RC barrier and a deck overhang reinforced with GFRP bars in the top mat was investigated through pendulum impact tests on full-scale subassemblies ͑Trejo et al. 2001͒ . The hybrid steel-GFRP specimens attained a maximum load between 3 and 16% smaller than the steel RC counterparts, with larger deformations. Based on the fact that in either configuration the barrier remained attached to the deck without showing any sign of further movement or instability during inspection, it was concluded that the hybrid configuration granted adequate performance for implementation. In another experimental research ͑Deitz et al. 2004͒ , GFRP, steel and hybrid ͑that is, having GFRP and steel bars in the top and bottom mat, respectively͒ RC overhang subassemblies cast with steel RC New Jersey barrier walls were subjected to transverse static loading. All connections met the American Association of State Highway and Transportation Officials (AASHTO) Standard Specifications criteria ͑AASHTO 2002͒, which require the connection to resist a load of 44.5 kN applied at the top of the continuous barrier.
A comprehensive investigation was undertaken to study the behavior of concrete bridge barriers internally reinforced with GFRP bars under static and pendulum impact loads ͑El-Salakawy et al. 2003͒ . The results of full-scale testing, where the GFRP RC subassemblies were designed on a strength equivalence basis with their steel RC counterparts, showed similar behavior at failure. The former solution was approved by the Ministry of Transportation of Québec, Canada, for use in construction. The crashworthiness of an open-post railing internally reinforced with GFRP bars, which was developed for use in highway bridges, was assessed through two crash tests ͑Buth et al. 2003͒ as per the NCHRP Report 350 Test Level 3 ͑TL-3͒ criteria ͑Ross et al. 1993͒. The test demanded a 2.040 kg pickup truck to impact the railing at a speed of 100 km/ h and at an angle of 25°with respect to the roadway direction, as typically required on the National Highway System ͑Mak and Bligh 2002͒. The first test failed due to vehicle rollover, which was attributed to the insufficient height of the railing. The second, successful test was performed on a railing having a steel tube bolted on top to increase the height from 686 to 762 mm. In both cases, the structural performance was acceptable as the railing withstood the impact load and negligible deflections were reported ͑Buth et al. 2003͒ .
The use of prefabricated GFRP reinforcement was implemented in the reconstruction of the deck and open-post railings of a severely degraded off-system bridge ͑No. 14802301͒ in Greene County, Mo ͑Matta et al. 2007͒. Prefabricated, light-weight GFRP bar cages were designed for the railings following the ACI 440.1R-03 Guidelines ͑ACI 2003͒ and the AASHTO Standard Specifications ͑AASHTO 2002͒, which were used to design the bridge. The bar cages were used in combination with a deck reinforcement grating made of smooth pultruded GFRP profiles, where load transfer is attained by mechanically constraining the core concrete rather than through bond, and is not explicitly covered in the current ACI guidelines ͑ACI 2006͒. This research had two objectives. First, to select a GFRP RC post-deck connection design for Bridge No. 14802301 by proof testing two full-scale overhang subassemblies, and assess compliance with specification mandated strength requirements at the component ͑rail beam and post-deck connection͒ level ͑AASHTO 2002͒. Second, to analytically model the connection response under static loading, and incorporate it into the nonlinear analysis of the railing to verify the strength and stiffness response at the system ͑post-and-beam͒ level under equivalent static load, pursuant to the requirements of Section 13 ͑Railings͒ of the AASHTO LRFD design specifications ͑AASHTO 2004͒.
Research Significance
Design principles for FRP RC are well established and reflect the different philosophy with respect to traditional steel RC design, which stems from the peculiar physical and mechanical properties of FRP materials ͑Nanni 1993, 2003͒. The most relevant are the brittle behavior in tension in the fiber ͑axial͒ direction, which make overreinforced sections more desirable; the smaller axial stiffness than steel, which results in greater deflections and crack widths, and in shear design that accounts for reduced aggregate interlock and concrete strength contribution; and the reduced transverse strength and stiffness of the bars, where the properties are resin dominated. Understanding the structural implications of designing FRP RC deck and railing systems is instrumental to rationally develop safety appurtenances or crash test specimens, and, in perspective, to economically screen candidate systems for the assessment of structural and functional crashworthiness by means of advanced numerical tools ͑Bligh et al. 2004͒. The overarching objective is to develop a knowledge base for the efficient validation of more durable and sustainable solutions for field implementation.
Experimental Investigation
Two full-scale post-overhang subassemblies were tested under quasi-static loading as part of a research program aimed at developing and implementing a steel-free concrete deck and railing system for the accelerated construction of an off-system bridge ͑Matta et al. 2007͒ . Large size stay-in-place ͑SIP͒ panels with an integrated double-layer grating fabricated from GFRP pultruded I-bars and cross rods were used as the deck reinforcement ͑Fig. 1͒. GFRP bar cages were used for the open-post railings, producing a GFRP RC version of the required Modified Kansas Corral Rail ͑MKCR͒. Open-post railings are constructed with a cast-inplace continuous rail beam on top of suitably spaced posts, and are often preferred due to aesthetics and efficient drainage, along with the stiffness, inertial properties, and relatively low-cost maintenance typical of concrete railings.
Figs. 2͑a and b͒ show the new reinforcement prior to casting and the finished railing, respectively. The original MKCR profile, which performed adequately under crash testing by preventing vehicle rollover and snagging, was improved by increasing the height of the rail beam from 356 to 432 mm, for a total height of 762 mm, to further reduce the risk of rollover ͑Matta and Nanni 2006͒. In addition, the original width of intermediate posts and openings, L P and L O , of 914 and 2,134 mm, respectively, was changed into 1.22 m for both ͓Fig. 2͑b͔͒ to be geometrically compatible with the 2.44 m long SIP panels.
Specimens Design
The geometry and reinforcement layout of the post-deck connection in Specimens M1 and M2 are detailed in Figs. 3͑a and b͒, respectively. The latter was implemented in Bridge No. 14802301. Both configurations use two layers of bent No. 5 ͑16 mm͒ GFRP bars to connect the post to the 2.44 m by 2.44 m, 178 mm thick concrete slab, whose 914 mm overhang shown in Fig. 4 replicates that of the bridge. The slab dimensions and boundary conditions were selected as representative of the continuous deck structure. The posts were cast 3 days after the slab. Specimen M1 was designed with three main objectives. First, to provide a nominal moment capacity of the 1.22 m by 254 mm post section not smaller than that of the steel RC MKCR, which is about 203.4 kN m. Second, to provide a nominal moment capacity of the deck section at the connection similar to that away from the connection, where the SIP reinforcement satisfies the AASHTO ͑2002͒ strength requirements. It should be noted that the two exterior longitudinal cross rods on the top grating layer underneath the post were removed to allow insertion of the post bar cages: as the forces are transferred into the smooth I-bars by mechanically constraining the core concrete between the cross rods, the contribution thereof was neglected in the design. The third objective was to provide a reinforcement layout geometrically compatible with the deck grating. Table 1 summarizes the flexural capacity of the 1.22 m wide post and deck section at the connection ͑GFRP bars only͒ and away from the connection ͑I-bars only͒. The design goals were met by using concrete with a nominal compressive strength f c Ј of 41.4 MPa. An environmental reduction factor C E of 0.7 was applied to the guaranteed tensile strength f fu * of the GFRP bars to determine their design strength. The construction joint was prepared by providing a dry and roughened surface prior to casting the post.
Design of safety barriers and their connections based on empirical or analogy considerations as for Specimen M1 is common and often effective. In fact, until the late 1980s when crash testing for highway safety appurtenances was not mandatory, systems successfully crash tested could be used even without meeting geometry and static strength criteria. A rigorous procedure was followed for the structural design of Specimen M2 to resist the required 44.5 kN transverse load applied at the midheight of the 432 mm high rail beam face ͑AASHTO 2002͒. Concrete with compressive strength of 27.6 MPa was assumed, as typically used in steel RC MKCRs. Failure may be governed by concrete crushing or FRP reinforcement rupture in flexure at the weakest connected section, insufficient anchorage of the post or development length of the deck reinforcement, or diagonal tension cracking at the corner. In the last three cases, the design fails to fully utilize the reinforcement, and may yet be preferred due to constructability and cost considerations, provided that the strength requirements are met.
The design in Fig. 3͑b͒ requires a check against diagonal tension failure at the corner. The transverse load F p applied to the post produces a compression force C p in the post, which is transferred to the deck via formation of a diagonal compression strut of length l dc . In addition, the shear force F p is transferred to the deck as an axial force −F p and a bending moment 0.5F p t d , which adds to F p H e to produce the resultant moment in the deck M d that generates the force couple C d and F f,d , as detailed in Figs. 5͑a and b͒. Diagonal cracking may occur prior to flexural failure in the deck as the concrete modulus of rupture f r is reached along the diagonal strut.
The accuracy of analytical results based on the theory of elasticity, where a parabolic distribution of the tensile stress along l dc Table 1 . The design strength is computed as dt F n,p = 44.9 kN by assuming a reduction factor for diagonal tension dt = 0.85, thus exceeding the required 44.5 kN. A shear key was included at the construction joint, and pockets were cut from the deck grating to simplify installation of the bar cages.
AASHTO ͑2002͒ also requires that the rail beam be designed for a bending moment due to concentrated load of 44. stirrups spaced at 102 mm on-center, which provide a design shear strength of 111.6 kN. The design allows for withstanding the maximum moment and shear produced by the design load, and to transfer it to the adjacent posts.
Materials
The reinforcement cages were constructed with pultruded E-glass/ vinyl ester GFRP bars. The bars are deformed by means of helicoidal fiberglass wraps, and the surface is sand-coated to enhance compatibility with the surrounding concrete. Relevant properties are reported in Table 2 , along with those of the I-bars in the deck reinforcement. Normal weight concrete was used, with maximum aggregate size of 9.5 mm. Six 152 mm ͑diameter͒ by 305 mm ͑height͒ cylinders were tested for each casting in accordance with ASTM C 39. The average compressive strength f c for Specimen M1 was 53.7 MPa in the slab, and 40.3 MPa in the post. The values for Specimen M2 were 34.3 MPa in the slab, and 58.1 MPa in the post.
Test Setup and Instrumentation
The test setup is detailed in Fig. 4 . The slab was supported on 3.0 m long steel beams and tightened to the laboratory strong floor using two rows of three 25 mm steel threaded rods each spaced at 0.91 m on-center. The load was applied at a height of 610 mm from the slab surface using a steel double-C spreader beam, which was engaged by a steel plate and threaded rod assembly that connected to the hinged fitted end of a manually operated hydraulic jack. The load was measured with a 111.2 kN capacity load cell. Direct current voltage transformer and draw-wire sensors were used to measure: transverse displacements at the top of the post, and at the base to check for slip at the post-deck interface; vertical displacements at the slab edge at the connection and at the tie-downs; and in-plane slab displacements. Inclinometers were mounted at the connection area and on top of the post to measure absolute and differential rotations. Linear potentiometers were used to check vertical and transverse crack openings at the postdeck interface. Several electrical-resistance strain gauges were used to measure strains in the FRP reinforcement in the connection and in the concrete at the base of the post.
Results and Discussion

Structural Behavior
The transverse displacement measured at the midsection on top of the post in Specimens M1 and M2 is plotted with respect to the applied load in Figs. 7͑a and b͒, respectively. The dark dashed lines mark the strength requirement for the connections scaled from 44.5 to 39.8 kN to account for the height of the applied load line H e increased from 546 to 610 mm. The gray continuous and dashed lines mark the nominal and design load, respectively, as per analysis according to the procedure in Fig. 6 .
Linear response was recorded for Specimen M1 until cracking of the deck underneath the post and at the cold joint interface developed between 33.8 and 45.4 kN, with a marked decrease in stiffness ͓Fig. 7͑a͔͒ accompanied by increasing crack widths. Following, hairline cracks were observed in the slab between the post and the first tie-down line, which did not affect the overall stiffness. At a load of 59.4 kN and transverse displacement of 22 mm, a net stiffness loss was observed that was likely triggered by the loss of bond of the smooth I-bars in the top layer of the deck grating, with strain readings in the deck and the post well below that associated with flexural failure. An internal load transfer mechanism developed that allowed the connection to carry additional load up to 66.7 kN under very large deformations. Diagonal failure at the corner joint was accompanied by a drop in strain in the concrete at the base of the post and in the GFRP tension bars in the deck after attaining a maximum of −939 and 756 , respectively, again well below the analytical levels compatible with flexural failure controlled by concrete crushing. The interlaminar shear failure observed in the I-bars underneath the post indicated that the deck reinforcement contributed to the resisting mechanism either via bond or constraining action of the surrounding concrete. No slip was measured at the cold joint. The corner crack did not extend into the post, which remained attached to the deck, and could be inspected without showing signs of instability. The transverse strength exceeded that required as well as the theoretical nominal value, which may be partially attributed to the contribution of the deck I-bars in the load-resisting mechanism. In Specimen M2, deck and post-deck interface cracking developed between 27.5 and 33.4 kN and was accompanied by a marked reduction in stiffness similar to Specimen M1, as seen in Fig. 7͑b͒ , and increasing crack widths. Following, hairline cracks developed in the slab as shown in Fig. 8͑a͒ without affecting the overall stiffness, until failure occurred at a load of 54.7 kN. The value is in good agreement with the analytical prediction of 54.1 kN, and meets the AASHTO ͑2002͒ requirements. Fig. 8͑b͒ shows a close-up of the diagonal fracture surface at the connection extending into the post behind the bent bars, likely driven by the shear key. No slip was measured at the construction joint. The maximum transverse displacement and rotation at the top of the post were 15.8 mm and 1.1°, respectively. Fig. 9͑a͒ shows the location of the strain gauges in a typical section of Specimen M2. The diagonal crack occurred at a concrete strain at the base of the post of −119 as shown in Fig. 9͑b͒ , again far below that attributable to flexural failure of the overreinforced section. The tensile strain t1 measured in two bars at a section close to the diagonal strut is also plotted with respect to the load in Fig. 9͑b͒ . It can be seen that the theoretical limit of 2,265 associated with a net tensile force F f,d + 0.5F p = 317.1 kN from Fig. 5͑c͒ , thus significantly smaller than the ultimate value of 1.6%, was not exceeded. The post remained attached to the slab and could still carry load up to 28.1 kN when undergoing large deformations, in excess of the 152 mm stroke of the actuator.
Both designs did not allow one to fully exploit the flexural strength of the FRP RC deck section. The design of Specimen M2 was used for the bridge, as: ͑1͒ the reinforcement layout was believed to offer constructability advantages; ͑2͒ the code requirements could be met when using nominal 27.6 MPa concrete typically used for bridge decks and railings; ͑3͒ transverse strength could be accurately predicted; and ͑4͒ after failure, the connection did not separate and could still withstand load.
Analytical Modeling of Connection Response
The maximum transverse displacement at the top of the post with respect to the applied load, u͑F p ͒, can be approximated as the sum of two contributions, namely: that from the rigid body motion due to the rotation d of the overhang subjected to a moment M d / L P per unit width; and that from the post cantilever subjected to a transverse load F p / L P per unit width applied at a height H e from the slab surface. The two contributions are illustrated in Figs. 10͑a and b͒, respectively, where a slab strip of width L P is used for convenience. Therefore, the displacement function can be expressed in the form
where the overhang rotation is
and the transverse displacement u p from cantilever response is 
is adopted, and simultaneously incorporates the reduction coefficient
to account for the reduced tension stiffening in FRP RC ͑Bischoff 2007͒. Cracking in the slab at the connection is assumed to occur concurrently with that at the cold joint between post and slab, as confirmed by the experiments. The gross moment of inertia of the post section is then replaced in Eq. ͑3͒ with the cracked moment of inertia. A concrete elastic modulus E c = 4733 ͱ f c ͑MPa͒ is assumed in the calculations ͑ACI 2005͒.
The displacement function in Eq. ͑1͒ is plotted for Specimens M1 and M2 in Figs. 7͑a and b͒, respectively. Both the strength and stiffness response of Specimen M2 selected for implementation were accurately modeled using the procedure in Fig. 6 and Eqs. ͑1͒-͑5͒, respectively. The connection model was integrated into the structural analysis of a post-and-beam railing system based on Specimen M2, which is addressed in the next section.
Implications in Structural Design
Differently from the AASHTO Standard Specifications ͑AASHTO 2002͒, Section 13 ͑Railings͒ of the LRFD Bridge Design Specifications ͑AASHTO 2004͒ mandates strength criteria at the system level. Whereas the former approach lends itself to analogyand empirical-based design of post, beam, and connection sections, the latter demands more rigorous procedures to evaluate integrated post-and-beam structural systems. Based on the results of full-scale crash tests performed as part of programs conducted under the aegis of the Federal Highway Administration, the American Association of State Highway and Transportation Officials, the National Cooperative Highway Research Program, and individual states, the dynamic loads imparted by an impacting vehicle under specified crash test conditions ͑Ross et al. 1993͒ are translated into equivalent factored transverse, longitudinal, and vertical static loads ͑AASHTO 2004͒. The transverse load F t is typically the one of concern for RC railing structures. For the case of TL-2 crash test level applicable to the railing of Bridge No. 14802301, the transverse load demand is 120.1 kN, where the load is assumed uniformly distributed along a length L t of 1.22 m, at a vertical distance of 508 mm from the deck surface.
Yield line analysis is typically invoked to evaluate the nominal strength of steel RC railings ͑Hirsch 1978; AASHTO 2004͒. Due to the linear elastic behavior of FRP bars up to failure, moment redistribution cannot be accounted for in design. The methodology used herein to study the structural behavior of the GFRP RC railing in Fig. 2 is pursuant to the analysis and design principles set forth in the ACI 440 guidelines ͑ACI 2006͒. First, the post and beam finite elements are defined. Second, the global stiffness matrix is assembled and implemented into the nonlinear finiteelement analysis ͑FEA͒ of the post-and-beam system. Design strength and failure modes are determined and discussed on the basis of code requirements.
Numerical Formulation of Post and Beam Elements
A nonlinear spring is used to idealize the post and its connection to the deck, with a single degree of freedom ͑DOF͒ of the node i associated with the transverse displacement u i at the top of the post, as illustrated in Fig. 11͑a͒ . The load-displacement function described by Eq. ͑1͒ is accurately approximated by a trilinear function. It should be noted that the strength reduction factor for diagonal tension dt is reduced from 0.85 to 0.75 to reflect use of ACI 440.1R-06 ͑ACI 2006͒ in lieu of the 2003 guidelines ͑ACI 2003͒. Fig. 11͑b͒ shows the idealization and the numerical formulation of the GFRP RC beam element along the railing opening. A single DOF associated with transverse displacement is assigned to each end node i and j, where rigid connections to the adjacent posts are assumed. Torsional effects are neglected, which is a and ͑5͒ is again approximated in a trilinear form. Concrete with compressive strength of 27.6 MPa is assumed for both elements. An enviromental reduction factor C E of 0.7 is used to compute the design strength of the FRP bars.
Nonlinear Finite-Element Analysis of Railing
Two critical transverse loading scenarios are identified for the open-post railing in Fig. 2 . Case A is sketched in Fig. 12͑a͒ and accounts for the equivalent static load F t applied on a rail beam at the midsection of the opening. Case B is sketched in Fig. 12͑b͒ and accounts for the transverse load applied directly on an intermediate post.
The symmetric finite-element model ͑FEM͒ shown in Fig.  12͑c͒ is used to study the structural response of the railing system, where the stiffness k 1 of the post closest to the impact section ͑that is, at the node i =1͒ is reduced from k p in the first load case to 0.5k p in the second load case. The vector of the transverse displacement of the posts
is computed for a given transverse force vector
by solving the nonlinear system
where the global stiffness matrix of the post-and-beam system in Fig. 12͑c͒ is assembled as 
Optimal solution strategies may be selected ͑for example, conjugate gradient, Levenberg-Marquardt, quasi-Newton͒ to compute the post displacement vector u, from which the internal forces can be retrieved. The structural adequacy is evaluated on the basis of three criteria: first, the maximum reaction force at a connection cannot exceed the design strength ͓k 1 ͑u 1 ͒ ഛ dt F n,p ͔; second, the maximum bending moment at the beam ends cannot exceed the design strength ͓M b ͑⌬u 12 ͒ ഛ f M n,b ͔, provided that shear does not control design; and third, the outermost post ͓i = 3 in Fig. 12͑c͔͒ must be able to resist the shear transmitted by the beam Table 3 summarizes the maximum post displacement u 1 and the resulting internal forces for load Case A and Case B at the railing design strength level R t of 210.2 and 168.7 kN, respectively, which are controlled by the beam flexural strength. The FEA results are given for a DOF number N of 1, 2, and 3 to check convergence of the selected discretization. For N = 1 and N = 2, the stiffness matrix was derived by simply eliminating the last two and one rows and columns, respectively, from K͑u͒ in Eq. ͑9͒. It can be seen that assuming three unknown post displacements as in Fig. 12͑c͒ allows one to achieve a good convergence in the maximum connection displacement ͑and thus reaction force͒ and beam moment, whereas the shear transmitted at the end post rapidly drops well within the design limit. The nonlinear loadmaximum displacement ͑F t -u 1 ͒ response is plotted in Fig. 13 for load Case A and Case B. The design strength R t always exceeds the 120.1 kN TL-2 transverse load demand ͑AASHTO 2004͒, whose level is associated with very small displacements, as desirable for RC railings for which negligible values are typically measured during crash tests.
The FEA was repeated considering a beam opening length L O increase from 1.22 to 1.83 m, thus similar to the geometry of the steel RC MKCR, and up to 3.66 m, where the component strength requirements in the AASHTO Standard Specifications ͑2002͒ are still satisfied. At increased opening lengths, design is controlled by the connection strength instead of the beam moment capacity. The design strengths for load Case A and Case B are plotted in 
Impact on Design Guidelines
The current ACI guidelines ͑ACI 2006͒ do not include specific recommendations for the design of discontinuity regions in FRP RC frames, despite such details are well known as being affected by a variety of design errors in practice. In light of the increasing use of FRP bars in a number of structural applications where connections may be present, it is believed that a section should be added that addresses design for common reinforcement layouts and load conditions.
Approaches that combine basic structural analysis principles with FRP RC theory should be selected on a case-by-case basis. The case study presented herein has demonstrated the use of a simple method to determine the nominal and design strength of a FRP RC corner joint subjected to combined shear force and open- ing bending moment. The internal forces were computed by imposing equilibrium conditions at the corner, and the associated bending moment was back-calculated consistently with wellestablished flexural analysis principles for FRP RC. The adoption of similar design algorithms for different details and load cases may enable one to design and retain structurally sound solutions where the full flexural strength of the connected sections may not be attained, thereby providing the rational basis to underpin legitimate practical and economical decision making. The theoretical results on the lateral strength of rigidly connected post-and-beam systems at increasing beam opening length indicate that a component-based design approach, although accepted for steel RC, may not be as adequate in the current terms ͑AASHTO 2002͒. The implementation of analytical or numerical methods that impose equilibrium and compatibility at the system level becomes necessary to ensure strength and to preliminarily evaluate functionality performances that relate to deflection, such as in the case of bridge railings.
Conclusions
In the first part of this paper, moving from the results of quasistatic testing of two GFRP RC post-deck subassemblies where deformed bars were used in combination with a smooth deck grating, a rational design for the connection to meet specification mandated criteria at the component level ͑AASHTO 2002͒ has been validated, and selected for implementation in the open-post railing of an off-system bridge in Missouri. The structural response of the connection until failure was accurately modeled on the basis of simple structural analysis pursuant to well-established design principles of FRP RC.
The second part of the paper has demonstrated the application of a methodology for the structural analysis and design of FRP RC open-post railing systems where internal forces, deformations, and failure modes are rationally determined. The analytical model of the post-deck connection was incorporated into a finiteelement model defined to study the structural behavior of the post-and-beam system subjected to the equivalent static load up to failure, as prescribed in the current LRFD specifications ͑AASHTO 2004͒. The railing design implemented was shown to meet the global strength requirement when undergoing very small deformations, which is typical of crashworthy RC railings.
In terms of potential impact on the ACI 440 ͑2006͒ design guidelines, the research presented herein has introduced the need to rationally address the design of common discontinuity regions in FRP RC frames. The common case of a corner joint subjected to combined shear and opening bending moment has been illustrated. Specific to the analysis and design of open-post concrete railings, the case studies analyzed numerically show that a simplified nonlinear analysis methodology that satisfies basic equilibrium and compatibility assumptions may be applied to devise more rational design solutions for either implementation or, when required, for crash testing.
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Notation
The following symbols are used in this paper:
A f ϭ cross-sectional area of FRP tension reinforcement; C d , C p ϭ compression force at deck and post connection section; d ϭ distance from extreme compression fiber to centroid of tension reinforcement; E c ϭ modulus of elasticity of concrete; E f ϭ longitudinal modulus of elasticity of FRP; F t ϭ transverse force vector; 
